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ABSTRACT

We examine the effects of time dilation on the temporal profiles of gamma-ray
burst (GRB) pulses. By using prescriptions for the shape and evolution of prompt
gamma-ray spectra, we can generate a simulated population of single pulsed
GRBs at a variety of redshifts and observe how their light curves would appear
to a gamma-ray detector here on Earth. We find that the observer frame duration
of individual pulses does not increase with redshift as 1 = z that one would expect
from the cosmological expansion. This time dilation is masked by an opposite
and often stronger effect which is that with increasing redshift and decreasing
signal-to-noise ratio only the brightest portion of the light curve can be detected.
The results of our simulation are consistent with the fact that the simple time
dilation of GRB light curves has not materialized in either the Swift or Fermi
detected GRBs with known redshift. We show that the measured durations
and associated Fj, estimates for GRBs detected near the instrument’s detection
threshold should be considered lower limits to the true values. Furthermore, we
conclude that attempts at distinguishing between long and short GRBs, at even
moderate redshifts, cannot be done based on a burst’s temporal properties alone.

Subject headings: gamma rays: bursts — galaxies: star formation

1. Introduction

Gamma-ray bursts are among the most distance objects observed in the Universe. Hav-
ing been detected as nearby as z = 0.0085 for GRB 980425 (Galama et al. 1999) and as
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distant as z = 9.4 for GRB 090429B (Cucchiara et al. 2011), the redshift range over which
these objects occur spans almost the entire length of the observable Universe. This large
dynamic redshift range, combined with the transient nature of their prompt gamma-ray
emission, makes them excellent sources with which to look for evidence of time dilation due
to the expansion of the Universe. The duration of prompt gamma-ray burst temporal pro-
files should be stretched by a factor of 1 4+ z due to cosmological expansion, resulting in an
increase in the average burst duration as a function of redshift.

Such evidence for a systematic broadening of GRB durations as a function of distance
has not materialized in either the Swift (Gehrels et al. 2004) or Fermi detected GRBs with
known redshift (Campana et al. 2007). In fact, the most distance GRBs to date, GRB 980425
at z = 9.4, GRB 090423 at z ~ 8.1 and GRB 080913A at z ~ 6.7, have measured durations
of 5.5 sec (Cucchiara et al. 2011), 10.3 sec (Salvaterra et al. 2009) and 8.1 sec (Greiner et al.
2009) respectively, giving them rest frame durations of ~ 0.52 sec, ~ 1.13 sec, and ~ 1.04
sec. These values are far shorter than the average rest frame duration of ~ 30 sec for long
GRBs detected at z ~ 1. The lack of any correlation between a GRB’s duration and its
rsdshift can be seen quite clearly for Swift detected GRBs with known redshift shown in
Figure 1.

In this paper, we examine the effects of time dilation on the measured durations of GRBs
through the use of a new spectral evolution code that can model the observed properties
of GRBs as a function of redshift. By using prescriptions for the shape and evolution of
prompt gamma-ray spectra, we can generate a simulated population of single pulsed GRBs
at a variety of redshifts and observe how their resulting light curves would appear to a
gamma-ray detector here on Earth. We find that the observed durations decrease with
redshift because the diminishing signal-to-noise ratio makes only the bright narrow portions
of the pulses accessible to the detectors. This effect is analogous to the problem faced when
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Fig. 1.— T90 duration vs. redshift for 195 Swift detected GRBs as reported via GCN.
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measuring the physical radii of galaxies at large distances, where the regions of lower surface
brightness fall below the sensitivity of the collecting instrument (see e.g. Petrosian 1976,
1999). This effect can overwhelm the opposing time dilation so that the observer frame
duration of individual pulses may in fact decrease as a function of redshift. This effect can
also significantly affect the measurement of the total burst fluence F' and the estimated
isotropic total energy Fig,.

The redshift of the photon energies can affect the measured duration (and Fig,) in two
additional ways. First, if the intrinsic pulse duration is energy dependent, this will effectively
translate to an additional redshift dependence of F', and hence FEi,, as measured by a detector
with a fixed energy range. The second effect is the so called K-correction which can shift the
energy band at which most of the photons are emitted (i.e. the peak of the v f, spectra) out
of the sensitivity range of the detectors, changing the observed signal-to-noise ratio. Our
result show that the net effect of these factors make the measured burst duration decrease
with redshift.

We present an overview of our population synthesis code in §2.1, followed by a more
in-depth description in §2.2 through §2.4. We present the result of our simulation in §3 and
present a brief analytical description of the observed effects in §4. We discuss the implications
of our results in §5.

2. GRB Model

Gamma-ray burst continuum spectra can evolve quite dramatically over the course of
a burst. This evolution is generally characterized by an overall softening of the spectra,
with the peak of the vF), spectrum (E,y) evolving through the detector bandpass over the
duration of the burst. This evolution will be delayed by the effects of time dilation for GRBs
at high redshifts, resulting in a longer observed spectral lag between the high and low energy
channels and a broadening of the pulse profile. At the same time, the observed GRB flux
falls as a function of increasing luminosity distance. The net effect is that soft and faint
emission will become increasingly difficult to observe with traditional gamma-ray detectors,
which suffer large drops in sensitivity at low energies. The observed bursts properties are
therefore a complex convolution of the effects of cosmological redshift and detector sensitivity
and hence we turn to simulations to obtain a better idea of how these bursts would appear
in the observer frame.

Two empirical correlations form the basis for the GRB model that we have constructed
to investigate this question. The first is the hardness-intensity correlation or HIC, which



— 4 —

relates the instantaneous hardness of the spectra and the instantaneous energy flux Fp,
within individual pulses. For the decay phase of a pulse, the most common behavior of the
HIC is a power-law relationship between Ffg and the peak of the vF, spectrum, Eyy, of the
form Fp oc £, , where 7 is the HIC power-law index. The second correlation is the hardness-
fluence correlation or HFC (Liang & Kargatis 1996) which describes the observation that the
instantaneous hardness, or Ey, of the spectra decays exponentially as a function of the time-
integrated flux, or fluence, of the burst. The HFC can be stated as E, = Ege™®/®0 where
®(t) is the photon fluence integrated from the start of the burst and ®q is the exponential
decay constant.

Kocevski, Ryde, & Liang (2003) have shown that both correlations can be produced
through simple relativistic kinematics when applied to a spherical shell expanding at rel-
ativistic velocity (i.e. the curvature of a relativistic shock front). By assuming a spectral
shape, in this case a Band model (Band et al. 1993), for the GRB’s instantaneous photon
spectrum and evolving that spectrum in time according to these two empirical correlations,
we are able to reproduce the Fast Rise Exponential Decay (FRED) pulse shape that is so
ubiquitous in GRB data.

An example of a time resolved photon spectra and the resulting photon flux light curve
for a simulated burst using a Band model with an initial Eyy g = 500 keV and a fixed o = 1
and f = —2.2 can be seen in Figures 2 and 3 respectively. The photon flux light curve in
Figure 3 is calculated by integrating the photon spectra over the instrument’s energy range
and as such is not bolometric. Therefore the shape of the resulting light curve will be greatly
effected by the location of K, within the instrument’s energy range.

In order to convert our modeled photon spectrum into a count spectrum and eventually
a count light curve, we take our simulated photon spectrum and fold it through an instrument
data response matrix (DRM). For the purposes of this analysis, we use a response file from the
Burst and Transient Source Experience (BATSE) (Meegan et al. 1992) that was generated
for a real burst which occurred nearly at zenith for one of BATSE’s Large Area Detectors
(LAD). The DRM describes the distribution of counts over the instrument’s energy channels
due to the arrival of a photon of a given energy. The result is a time resolved count spectra
as a function of channel energy and time.

We then add a Poisson distributed, energy dependent, background spectrum derived
from the median backgrounds of a sample of BATSE detected bursts to each time resolved
count spectra. A count light curve with a realistic background spectrum can then be pro-
duced as a function of time by integrating the individual time resolved count spectra over the
instrument’s effective energy range for each time bin. The burst duration is then measured
using a Bayesian block algorithm to determine periods of emission that are above the Poisson
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Fig. 2.— The hard to soft spectral evolution of E, as a function of time as prescribed by
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Fig. 3.— The resulting fast rise exponential decay (FRED) pulse shape generated by the

model by integrating the bolometric GRB spectrum at each time bin.
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Fig. 4.— The effects of increasing redshift on the observed light curve of a GRB pulse. The

effects of time dilation are hidden by the decreasing signal-to-noise and the pulse duration

in fact decreases with increasing redshift.
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background. We refer to this estimate as the T100 duration (as opposed to the traditional
T90 duration found through flux integration methods).

We refer the reader to Kocevski et al. (2011) for a more comprehensive description of
the GRB model used for the present analysis.

3. Results

Figure 4 shows the resulting count light curves for the simulated GRB shown in Figure 2
placed at three different redshifts, along with the Bayesian block reconstruction of the burst
duration (solid green lines). Contrary to what is expected due to cosmological time dilation,
the duration of the simulated pulse decreases as a function of increasing redshift. This is
primarily due to the decreasing signal-to-noise of the observed pulse with increasing redshift,
which progressively limits only the brightest portion of the GRB’s light curve from being
accessible to the detector. This effect is analogous to the problem faced when measuring the
physical radii of galaxies at large distances, where the regions of lower surface brightness fall
below the sensitivity of the collecting instrument. In addition, the energy at which most of
the photons are emitted (i.e. the peak of the vF), spectra) is redshifted to energies at which
the instrument becomes less sensitive, reducing the observed signal even further.

Both of these effects can be seen in Figure 5, where we plot the observer frame duration
for a set of simulated GRB pulses, of equal intrinsic duration but varying intrinsic luminosity,
as a function of redshift. The solid line represents the expected observer frame duration in a
FLRW Universe, found by multiplying the pulse’s intrinsic duration by (1 + z). The dotted
line represents the observed duration as measured from the photon flux light curves, found by
integrating the photon spectra over the detector’s energy range. The dashed lines represent
the observed duration as measured from count light curves for each of the simulated GRB
pulses. These count durations actually represent the median value of 200 count light curve
realizations for each redshift bin, computed in order to account for statistical fluctuations in
the simulated background which may dominate the duration measurements as the observed
signal-to-noise decreases with increasing redshift. The error bars represent the standard
deviation of the resulting duration distribution for each set of 200 realizations.

The divergence between the predicted observer frame duration and the duration of the
photon flux light curve can be understood as due to the redshifting of the underlying GRB
spectra. Because the simulated photon flux light curves are non-bolometric, their shape will
be greatly effected by the redshifting of Ex towards the lower edge of the detector’s energy
range. Essentially, the pulse profile that would have been seen by the detector if the burst
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had occurred at z = 0.01, for example, is not the same as the profile seen at z = 2, because
the lower end of the GRB spectrum is no longer detected by the instrument. Therefore, even
a perfect detector that observes over limited energy range would not faithfully measure the
expected time dilation effects on a GRB pulse as a function of redshift.

The divergence between the predicted observer frame duration and the measured dura-
tion becomes wider when considering duration measurements made through the use of the
detector’s count data. When noise is added to the observed signal, the measured duration
turns over and begins to decrease with increasing redshift. As the pulse’s signal-to-noise
falls, only the brightest portion of pulse becomes accessible to the detector, until the ob-
served duration approaches zero and the pulse is no longer detected. As seen in Figure 5,
the redshift at which the transition between a rising and falling duration depends largely on
the luminosity of the pulse, but is also influenced by the burst’s intrinsic Fpi ., since the
redshifting of Epy o, towards the lower edge of the detector’s energy range acts to further
reduce the signal-to-noise of the pulse.

Transforming the observed durations into the source frame by dividing by (1 + z) has
the effect of further widening the difference between the pulse’s true intrinsic duration and
our estimates. The systematic error that this duration bias introduces also propagates into
our estimate of the burst’s total energy release, as Fig, is estimated by integrating the burst’s
flux over the observed duration. Figures 6 and 7 show both of these effects.

In Figure 6, we have plotted the estimated source frame duration, normalized to the true
intrinsic duration, for burst’s of varying luminosity, but of equal intrinsic duration (dashed
lines). The turn over observed in Figure 5 can now be seen as a steeping of the estimated
source frame duration as a function of redshift. In all cases, the under-estimation of the
source frame duration can approach as much as 80% near the detection threshold of the
instrument.

The consequences that this systematic error has on the estimates of Ejs, can be seen
in Figure 7, where the ratio of the the pulse’s estimate to true Fji, can reach as much as
90%, or more, as the pulse nears the detector’s sensitivity threshold. The E, measurements
presented here were k-corrected to a standard energy range of 10 — 10000 KeV, hence this
error in our estimate of Fi, is largely due to the under-estimate of the duration over which
the burst’s observed flux is integrated.

In Figure 8, we quantify the severity of the duration bias as a function of the observed
signal-to-noise ratio by simulating a 4000 single peak GRBs at z = 1 of equal intrinsic
duration, but varying luminosity. The estimated observer frame duration normalized to
the intrinsic duration is plotted vs the pulse’s observed signal-to-noise, with a color coding
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displaying the peak photon flux of the observed signal. Again, the bias in the duration
estimate is largest for intrinsically weak bursts with low signal-to-noise as seen in the detector.
Although the bias is far less severe for the highest signal-to-noise bursts, the offset between
the estimated duration and the true duration is still evident and due to the redshifting
of Epkxsre. The divergence between the true observer frame duration and the estimated
duration at low signal-to-noise ratios reflect the similar breaks seen in Figures 6 and 6. More
importantly, this divergence occurs at roughly the same signal-to-noise ratio, in this case
SNR ~ 25, for all of the bursts in this simulation.

4. Analytic Description of the Duration Bias

We can demonstrate the dependance of this observational bias on the burst’s pulse shape
by considering example pulse profiles with analytical forms. The degree of the duration bias
largely depends on the shape of the light curve and in particular to the pulse kurtosis, or
"peakedness”, of the pulse. For example, a flat pulse with low kurtosis would suffer far less
of a duration bias compared to a highly peaked pulse with wide tails.

To show this, let us denote the luminosity of a single pulsed GRB by L(E,t) =
L,(E)g(t/T) where L,(E) is the peak luminosity and 7(E) is a characteristic duration which
could vary with photon energy E. The function g(¢) describes the light curve normalized to
unity at its peak time ¢,. The observed flux of the GRB at redshift z will be

f(Et.z) = Ly(E,t)K(2)g(t/Z)/[And (2, Q)] (1)
= f(E,1,2)9(t/2) (2)

where Z = 1+ z, and K(z) and dp(z,§Y;) stand for the K-correction term and the
luminosity distance, respectively.

For the purpose of the demonstration we consider two pulse forms: a triangular pulse
with finite duration 7(FE), with g(t) = (t/t,)" for t < t, and ¢(¢t) = [(7 —t)/(T — t,)|" for
t, <t < 7, and a modified form of the profile introduced by Norris et al. (2005) where
g(t) = exp —n(t/7 + 7/t — 2) (Nemiroff 2011). The exponent n in both cases can be called
the peakedness exponent, and n — 0 describes a flat top pulse and n — oo a highly peaked
pulse. If only the portion of the pulse f(¢) is detected above the background, and the limiting
flux is given by fjim, then the observed duration can be obtained solving the following relation
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the pulse’s true intrinsic duration and our duration estimates
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for ¢:
g<t/Z) - flim/fp(E7t7Z))7 (3>
which is satisfied for two values of #; and ¢y giving the measured duration T' = t5 — t;. For

the triangular pulse it is easy to show that the measured duration will be different than the
true duration Tie = Z7(EZ), which can be given by

T = Torue[l — (fim/ f,)"'™]. (4)

For the Norris profile the duration is obtained from solving the quadratic equation x+1/x —
2 = a, with the difference between the two roots giving the duration

T =ThweVa?+4a, with a=n""! In(fp/ fiim), (5)

For a reasonable K-correction term and an assumed cosmological parameter €2;, both
cases yield a measured duration that decreases monotonically with flux reaching zero when
fp = fum or decreasing monotonically with redshift up to a maximum redshift zyax(Lp/ fiim, $2:)
obtained from inverting equation 4. For both case this effect is stronger for larger values of
the peakedness parameter n.

As mentioned above, the same effects will also result in an observed fluence Fo(E, 2) =
fttf f(Et, z)dt (or Eig = fooo L(E,t)dt) which will differ from the true value Fi., obtained
with limits of integration going from zero to infinity. For example, for the triangular pulse
form with the true fluence Fi(E, z) = f,(E, 2)7(E)/2 it is easy to show that the observed
fluence varies with the peak flux (or redshift for a given peak luminosity) as Fyus(F, z) =
Fiot(E,2) x [1 = (fum/f»)Y"]. In the case of the Norris profile one does not get a simple
analytic solution but after some algebra it can be shown that Fops = f,7 X H(a) and Fior =
fpT X H(c0), where H(x) = [ e ™ —2—du. These relations show that the bias described

VuZ+4u
here does not affect the observed fluence as strongly as it does the observed duration, such

that an average duration defined as
<T>=F/f, (6)

may more show evidence for the effects of time dilation more readily than the measured
duration.

5. Discussion

The systematic error introduced into our estimate of the observer frame duration has se-
vere consequences for our subsequent estimates of the source frame duration and the isotropic
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equivalent energy Fi,, of a GRB pulse. By under-estimating the observer frame duration,
any transformation into the source frame by dividing by 1 + z only acts to further diverge
our estimates of the source frame duration from their true values. For the simulated pulses
shown in Figure 8, this fundamental duration bias is largest for bursts detected near the
instrument’s detection threshold and can be as much as 90% before the pulse is no longer
detected by the instrument. Such a large divergence between our estimated source frame
duration and the true intrinsic duration result in large systematic error in our estimates of
the burst’s total energetics.

Our simulations show that, baring the existence of an intrinsic evolution in the duration
of GRBs and redshift, we do not expect high redshift, single pulsed, GRBs to be characterized
by extremely long pulse durations. This conclusion agrees with the fact that evidence does
not exist for the systematic broadening of GRB durations as a function of redshift in either
the Swift or Fermi detected GRBs with known redshift. the most distance GRBs to date,
GRB 980425 at z = 9.4, GRB 090423 at z ~ 8.1 and GRB 080913A at z ~ 6.7, have
measured durations of 5.5 sec (Cucchiara et al. 2011), 10.3 sec (Salvaterra et al. 2009) and
8.1 sec (Greiner et al. 2009) respectively, giving them rest frame durations of ~ 0.52 sec,
~ 1.13 sec, and ~ 1.04 sec. Our simulations show that these values are actually lower limits
to the true duration of these events and as such, so to are their estimated Fi,, values.

Although the results presented in Figure 5 show an increase in the observed duration
of the five simulated pulses at low redshifts, a broad luminosity function, such as the one
reported by Butler et al. (2010), will act to mask such time dilation signatures through
the existence of intrinsically weak bursts at all redshifts. Our simulations show that such
a broad luminosity function effectively rules out the possibility that early studies of the
average duration of BATSE detected GRBs as a function of peak flux Norris et al. (1994)
had successfully detected signatures of time dilation. This is basically the same argument
presented by Band (1994), years before the first redshift measurement of GRB afterglows
and their host galaxies.

The fundamental duration bias has broad consequences of our understand of the energet-
ics of GRBs, as the true Ei, distribution may extend to higher energies than had previously
been estimated (Butler et al. 2010; Kocevski & Butler 2008). It also implies that attempts
to predict the time of jet ¢y breaks in afterglow light curve, usually performed by measuring
FEis, and assuming a canonical collimation corrected energy £, may also be suspect. If Fig,
values for low signal-to-noise ratio bursts are truly lower limits to the true energy, then their
associated tje; values are likewise lower limits and their jet break may actually occur at a
point when the afterglow has faded beyond detectability.

Although measurements of Ei,, may suffer from the systematic bias in duration mea-
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surements, estimate of a burst’s peak isotropic equivalent luminosity Lis, pk should not be
effected, as long as a measurement of Epy .1s allows for a proper k-correction of the burst’s
underlying spectra. This would mean that although Ejy, evolution studies may in fact be
biased at high redshift where a greater percentage of detected bursts have low signal-to-noise
ratios, no such bias should exist when considering L;,,. Therefore, studies finding the lack
of luminosity evolution (Butler et al. 2010) as a function of redshift would not be effected,
although the similar attempts to quantify the evolution of Ei,, maybe suspect.

Ultimately, it is the shape of GRB pulses that leads to the fundamental duration bias
observed in this analysis. In general, signals with high kurtosis will suffer a greater degree
of bias in their duration estimate, whereas a signals with low kurtosis will suffer no bias at
all. For example, the fundamental duration bias would not manifest for a signal exhibiting a
step function profile. The duration of the step function would simply increase as a function
of 1+ z until it fell below the instrument’s detection threshold.

Although our simulations were performed using a BATSE data response matrix, these
results should generally apply to any flux limited instrument that collects time series data.
The results presented in Figure 8 indicate that a burst’s observed signal-to-noise ratio can
provide a useful proxy to determine the severity of the bias in the estimates of burst duration.
In the simulations presented in Figure 8, any bursts detected by BATSE with a signal to noise
less than ~ 25 should be considered heavily biased. In a similar fashion, simulations of a
large number of GRBs of varying luminosity, duration, and source frame spectra for different
spacecraft may aid in determining the instrument specific signal-to-noise ratio below which
duration estimates may be considered suspect.

The existence of the classic bimodal duration distribution reported in Kouveliotou et al.
(1993) would seem to limit the degree to which this fundamental duration bias can produce
arbitrarily short durations for intrinsically long duration GRBs, despite that we have shown
that GRB durations can be underestimated in some cases as much as 90%. This apparent
contradiction can be reconciled by considering that most GRBs are in fact not single pulsed
events, but comprise multiple emission periods. Contrary to the effects that increasing
redshift have on the observed duration of individual pulses, the duration between pulses,
i.e. the quiescent periods, should in fact increase. Therefore, although long GRBs that
exhibit a single, low signal-to-noise, pulse may result in observed durations that would allow
them to be confused with the short GRB population, a majority of long GRBs would not
suffer this fate even though their durations would still be under-estimated. None-the-less, our
work demonstrates that attempts at distinguishing between long and short GRBs based on a
burst’s temporal properties alone (Fynbo et al. 2006; Ofek et al. 2007)) cannot be trusted and
additional information about the burst (e.g. spectral lag, host galaxy properties, hardness
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ratios) must be brought to bare.

A profile exhibiting narrow pulses separated by significant quiescent periods, may in fact
the tell tail sign of a high redshift GRB. Although there are undoubtably low redshift GRBs
which intrinsically exhibit such temporal profiles, additional spectral information could be
used in order to distinguish these bursts from their high redshift counterparts, Therefore, a
burst’s hardness as measured by an instrument with broad-band energy coverage, such as
the Fermi-GBM, combined with its observed temporal profile could play an important role
in distinguishing high redshift events. Likewise, the average peak-to-peak time for a large
number of multi-pulsed GRBs as a function of redshift may eventually provide the evidence
for time dilation that has so far eluded detection.

6. Conclusions

By simulating the effects of time dilation on the evolution of the prompt gamma-ray
spectra, we have found that:

e The observer frame duration of individual GRB pulses does not always increase as
a function of redshift as one would expect from the cosmological expansion of a Friedman-
Lemaitre-Robertson-Walker Universe.

e The observed duration of individual pulses can actually decrease with increasing red-
shift as only the brightest portion of a high redshift GRB’s light curve become accessible to
the detector.

e The net result of this fundamental duration bias is that all estimates of duration and
energetics for high redshift GRBs can only be taken as lower limits to their true values.

e Bursts detected near the instrument’s detection threshold are effected the most by
this bias and a instrument specific signal-to-noise ratio below which duration estimates may
be considered suspect may be isolated through simulations.

e Any attempts at distinguishing between long and short GRBs based on a burst’s tem-
poral properties alone should not be trusted. Additional information about the burst its
spectral lag, host galaxy properties, and hardness ratios must be used in such classification
attempts.

We conclude that GRB temporal profiles that exhibit narrow pulses separated by sig-
nificant quiescent periods, may in fact the tell tail sign of high redshift GRBs and predict
that the average peak-to-peak duration for a large number of multi-pulsed GRBs as a func-
tion of redshift may eventually provide the evidence for time dilation that has so far eluded
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